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This research presents the mathematical model of the power electronic 
systems derived from the DQ method and generalized state-space averaging method. 
The considered power system consists of the three-phase voltage source, six-pulse 
diode rectifier, and DC-link filters connected to the paralleled constant power loads 
(CPLs). These loads are the buck converters in which the output voltage is controlled 
to be a constant. The CPL can significantly degrade the power system stability. 
Therefore, the stability analysis by using the linearized model with the eigenvalue 
theorem is used in the research. The simulation results are used to validate the 
proposed mathematical model and the instability point predicted from the theory. In 
addition, the testing rig of the studied system is implemented to validate the stability 
results as well. However, the accurate system parameters of the testing rig are very 
important. In the research, the artificial intelligence technique called adaptive tabu 
search (ATS) is applied to identify the system parameters. These identified parameters 
are then used with the dynamic model to analyze the stability of the practical system. 
The results show that the proposed mathematical model can predict the unstable point 
due to the CPL. The good agreement between the theoretical, simulation, and 
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"	$$' 3.1 $  6	6 -++.
)+  6


















"	6	6 -++.)+)$/ Req,  Leq  Ceq 
")	))'# 6
-++. 06")#	44$3
$  rL,  Ldc,  rc  Cdc 3() Edc   Vdc $"/#	 )+
$	 $6)=	/ Cdc )
$  
)/)7+6
6	6  (Source bus) $-++. (AC bus) $  λ $$' 3.1 
&	 Leq $-++.6&0$)/))7) (Overlap 
angle) µ 3(	
0$"/ &6%)"	0$ )
6-$ rµ  $-++. (Mohan, Underland, and Robbins, 2003) 
,$ $$' 3.2 3()6-$ rµ )








=                                  (3.1) 
 




' 3.2 	 )+))/))7) 
 
	' 3.2 Edc1 $-++."/,$ -)6"	&#)/)
)7) 0# Edc $-++."/#	"	&#)/))
7)$ )6-$ )7"	&$60 '6$-++.
 
0)441#	 )+$	 ,$ 













' 3.3 441#	 )+$	 
 
441 Sa 0' 3.3 )$-$,$ /)+' $) 
(3.2) $% 
 














∑                               (3.2) 
 
 )7 k = 6L ± 1 (L = 0, 1, 2,….., k > 0) 
 Sb  Sc ) tω  0



















$ 	 (Mahdavi, et al., 1997) &#[
)	-)6)&6 !"# $% 4410) (3.2) 






























sinsin32abcS                                     (3.3) 
 
)7  φ  7 )/)+#$-++. 
 
))"2#$6"/"/#	 
















abc VS ,1 =dcE                          (3.5) 
 







































































                                                                                                          (3.6)     
 
                                                                        
)7 






































































ωθ +−= t  
 











dcIabcabcin, SI =  
dcIabcabcin, SKIK =     ; '$  K %# 
 dcIdqdqin, SI =                                               (3.7) 
 





abc VS ,1 =dcE  
[ ] [ ]dqbusdq VKSK ,111 −−= TdcE  
[ ] dqbusT1-Tdq VKKS ,11 −=dcE  
dqbus
T
dq VS ,1 =dcE                          (3.8) 
 
441)+0) (3.3) )0 '6)/$
-$ $) (3.9) $% 
 































































































































dqS                                           (3.9) 
 
&!"
$ $$' 3.4 ,$  VS 7 6 $
$+6	6 , Iin 7 6 $, Vbus 7 6 $$$-++. 



















	) (3.7) - (3.9) 	=-$6	 )+$	 
)0 '60'#)-++.  '6$  6#) 

 Sd  Sq 	#(% '6)/))/#$ (φ1)  +# Vbus(φ)  $%&#


























' 3.6  
#	 6
-++. 3 + 
 
abcabcabcdrop, IIV dt
dLR +=∆                                                                                         (3.10) 
 
	) (3.10) ))0 '6)/$ $ ) 
(3.6) 3()#%"'	$-$$% 
  
( ) ( )dq01dq01dq01 IKIKVK −−− +=∆ dt
dLR  
( ) ( )dq01dq01dq01 IKKIKKVKK −−− +=∆ dt
dLR    ; '$  K %# 












































































	) (3.11) )	))'# 6
-++. '6














' 3.8 =	/#	 6










dC=                                                                      (3.12) 
 
	) (3.12) ))0 '6)/$ $ ) 
(3.6) 3()#%"'	$-$$% 
 
( )dq01-dq0c,1- VKIK dt
dC=
 ( )dq01-dq0c,1- VKKIKK dt
dC=
 
             ; '$  K %#


























































	) (3.13) )	))'# 6
-++. '6
















$ ) (3.6) )	#-++."	$ 	))')/$




' 3.10 	))'#-++."	)/$ 
 
		))'0' 3.10 )
0	))' 66 -$ ,$ 

$)/)+)/#441 ( 1φ φ= ) 3(	-$6 Iin,dq = 0   )
0-$'






















,$$60'#-$$) (3.14) )7 Vdc $6),$












1++e (KVL) d#1++e (KCL) 	))'0' 3.11 ,$ 
$ 
 "/ "/ $$) (3.15) 
 
 : [ ]Tdcdcqbusdbusqsds VIVVII           x ,,=  
"/ : [ ]
T
CPLm PV   u =                                                                                                 (3.15) 
"/: [ ]dcV=y  




0' 3.11 )$$) (3.16) i (3.21) 
$% 
                                            
- "	 LOOP 1 ,$  KVL $$) (3.16) $% 
 


















ω                                                                   (3.16)          
 
- "	 LOOP 2 ,$  KVL $$) (3.17) $% 
 

















































•                                                                       (3.18) 
 













ω                                                                                             (3.19) 
 
- "	 LOOP 3 ,$  KVL $$) (3.20) $% 
 




























                                         (3.20) 
 
- "	 NODE 3 ,$  KCL $$) (3.21) $% 
 






















01 (linearized model) ! 0p*d6		 (eigenvalue 
theorem) $% 
0	
1 &'	 -$ 2
01#
/)  $ 1 3()# 	

01 -$






















[ ]Tdcdcqbusdbusqsds VIVVII δδδδδδδ           x ,,=
 [ ]TCPLm PV δδδ   u =
  [ ]dcVδδ =y
  
  $#%"'	# A(xo,uo), B(xo,uo), C(xo,uo)  D(xo,uo) $
















































































































































































































































































































































































































































































































































































































)u,B(x oo  
 
[ ] 61100000 ×=)u,C(x oo                             (3.23) 
 










6 Vdc,o  λo ,$ 2p*d-#
-++.)
-++.$0' 3.1 ,$ 	"		 6" +$  $%
&!"-#
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 3.12  6
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-++.(+ 
 
















































( ) ( )
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                                              (3.24) 
 
)7 Vbus 7 $+ (rms) 3 λ  7 )/)+76 Vs  
Vbus  γ∠Z 7 6)"$3# 6 ,$ 
-++.	 
-++.+ "	













PPP                                                            (3.25) 
 
	) (3.24)  (3.25) )# ,)
6 Vbus,o 
λo $ 2





01 ,$ $$) 
(3.26) $% 
  
( ) odcLodceqobusodc IrILVV ,,,, 3233 −−= pi
ω
pi  
                                                   (3.26) 
 
)7





















































	) (3.24), (3.25)  (3.26) 
60! '6)7
	/$





60! '6$$' 3.13 $% 
 




































'  3.13 &
60! '6
 Vbus, Vdc  λo )  PCPL  
 
	' 3.13 -$6 )7,$
-++./$))6")#(% 	

0 Vbus,o  Vdc,o )6$ )/)7 (λ) )6")#(% $% 	
#	)
 )7	/$
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=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) SIMULINK #
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
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#
$$ 3.1  
' 3.14 $&#$"/$3 (Vdc) 
) #,$
-++./$)	 20 W - 30 W  1.5 
  ' 3.15  $&#$"/$3 (Vdc) ) #
,$




















 3.1 ")#"	 
 
")                     6                                 $ 
V
s
                                            50 Vrms/phase                 6	6 $-++. 
ω                                            2pix50 rad/s                )# 
R
eq
                                           0.1 Ω                          )# 6 
L
eq
                                           24 µH                         ) 
# 6 
C
eq                                           2 nF                           )	/-++.# 6 
r
L












≤  30 V)                500 µF                       )	/-++.#	 
r
c
                                             0.4 Ω                         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[ ]Toom VVV *2*1    δδδδ =u
  [ ]Toodc VVV 21 δδδδ =y  
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 2 .) 50(
 $%44E*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 !"%&( (6.1) !/ 
 
mdc VV 654.1=                      (6.1) 
 











'1 6.1 #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!!)+*
	#(4 	3.& $/
( 2 + 50+5/+ !!&(, 	




$%44E	#$(1%& !/!-'&0%&! %(!$$+	'$ 
AVR 12!++53
&$/ 2 + *!1#(3
&+51)g( 50
-$#'1 6.3 !/ 
'1 6.3 #-$+!*#!+)+5 (,(1$!#1$
#!!)+ 40 Vrms #$	1$!%112!#! 50 Vrms $ 0.25 ! 
 


















'1 6.3 -$+!*#!+)+5 (Vdc) 
 
 '1 6.3 	+%& #!+)+5 (1	(" 93.56 $+ (,
#!!)++4( 40 Vrms #$	 #!+)+5(1	(" 116.95 $+ (,
#!!)++4( 50 Vrms !/! #!+)+5%&-$*
	#(4#(












6.3 	#"+&&- !"#$%&% 
&.)*#1$-!##'1 6.4 1	& #
$




































'1 6.5 &*#1$-!# 
 
'1 6.5  !"#!%44E	#+%&#1$-!# (Vo) 
(Mohan, Underland, and Robbins, 2003) ( !"%&( (6.3) !/ 
 
ino kVV =                                  (6.3) 
 
  Vin , #!!)+3
&#1$-!# 







#	 !00*#!#$		#12! D 	#*
$ 3.5 
A 3!*"	#!( 100 V #$	(, !00+1	! (safety factor) 25 
15P!+ ('3.& 
#1$-!#	(	#( 4.37 A #$	(
#!( 125 V 	k	!/!!!!F0$,3.&('(#! 500 V 














'1 6.6 ('*#1$-!#3.&3!!!!F 
 
	
 	!"#$	%	& '	!(&) 
#(
!! #$	+P1	) +& !00#!$/      
( cV∆  ripple voltage) *#!+(





















=∆                                            (6.5) 
 
    Vin     , #!!)+,        Vo     , #!+)+,     f        , (3!+5  
L      , (
!! , LI∆   , 	#$/,     cV∆  , #!$/ 




#!!)+*#1$-!# 3!!!!F!/ , 
#!+)+*	# 50( 116.9 V (' !"%&(
 (6.2) 50$,  Vin *#1$-!# ,+ !"	1	(" 
Vin 3












 Vin       =    117   V 
 Vo        =    5 p 100 V 
 cV∆     <    10     mV 
 LI∆      <    0.1    A 
  f          =    10     kHz 
 
 ,!%*$#	#12! 2 . , .#!+)+!&
) #$	.#!+)+()!/ 
 
- 	.# 1 (Vo = 5 V) 
 #(
!! **$#$	+P1	)	"
( (6.4) #$	 (6.5) 12! D #$	3!!!!F 
!3
&	#$/(%(
! 0.1 A 	k	!/!(,#!$3!( (6.4) 	%& 
 







 !!/(,"( (6.5) !!!F 
!3
&#!










- 	.# 2 (Vo = 100 6	') 
 
$#	
(,!. 1 )1	 #+1$! Vo  5 V 































%(! 0.1 A #$	#!$/(%(! 10 mV !!/	#**$	
"	#*
$(+&!! R 3.&3!!!!F & !00
+1	! 25 15P!+ 	#**$	(( 4.37 A #$	3!!*
#!*+P1	)	(( 125 $+ 	k	!/!(
!! *


























 C   =   390 µF #! 250 V !)(! 3 + ,3
&(()1	(" 125 µF  










"#1$-!#3!'1 6.5 % Dm +&(#!
(#!+)+*#1$-!# 50( 116.9 V #+(,"+
1	! 25 15P++ #!*% Dm 	(( 146.13 V 	k	!/! 

















6.3.2 -	/01%&2 -	- 	""	 AVR  
%(!$$ AVR 12!
!03!%(!$$ -$+ 






ATMEGA 1280 !,12!.) AVR w!1#(& C++ * Arduino *








+!)+,++)+ (/ ++$, +#!$, +&DD" PWM, 
+,!)( -!('#$	*!
!( ((*0/!(  0
%&!  ATMEGA1280 (w!12!.) 3.&., ET-EASY MEGA1280 (&*




'1 6.10 .) ET-EASY MEGA1280 
     
);<'
.#<%=<%"-)  ET-EASY MEGA1280 
 12!%(!$*! 8 + 1	F'#+3.&$!+ 3!
+	'$ AVR 
 1y+(# RISC 




















1#( 128 $%+ *!/$%& 10,000 
/ 
- 
!( # EEROM *! 4 $%+ *!/$%& 100,000 / 
- 
!( #(.!#( (SRAM) *! 8 $%+ 
- P*&('$%& 20 1} )"
'( 85 oC #$	 100 1}  25 oC 
 (	1#(+'3!. 
 ( !*"	*!%& ($~ !%&,(
1$*54+# 
 (.,(1	! JTAG (IEEE std. 1149.1 compliant) 
 )"(+.,(+)1"! 
- (++/$ #$	+!*! 8 +  !! 2 + (#
(
 !%& 2 
( 
- (++/$ #$	+!$*! 16 +  !! 4 + #
(
 !%& 3 
( , prescaler, compare #$	 capture 
- (+!$$ (real time counter) # 
!(%& 
- ( PWM  !! 12 .DD"( 
!($	%& 16 + 
- (+1-$1*+)+ 
- (+#1$DD"#!$12!+$*! 10 +  !! 16 
.DD" 
- (+,!)(( 
!+/%&  !! 4 
+ 
- .,(1	!#!)(# SPI %&/#(+#$	$4 


























 !)+/+)+ #$	+ 
- (**!)+#$	+)+( 
! !%& 86 ! 
- +# TQFP .! 100 * 
 .)"
'(. !%& -40 oC 0 85 oC 
 3.&$! 
- 
( !:  1 MHz +&#! 1.8 V 	# 0.5 mA 
- 
(! (Power-down) +&	# 0.1 µA #! 1.8 V 
 
G'
G)'!'G)'<%"  ET-EASY MEGA1280 
%(!$$ AVR )! ET-EASY MEGA1280 ( !! 100 ! (
+!)++)+3.&! !! 11 + 1	%1& + A 0 + K #+$	+
(*! 8 + 50$	*#+$	+ ('%&-!   
+ 12!
 
3.&!3!!!F , + A + 0 0+ 7  
!&*&('$%1(' 
LCD ,#-$ + B + 5  
!&12!+)+,&DD"$'P( + C 
+ 0 0 + 7 3
& + 0 0+ 3  
!&12!!)+ !+ 4 0+ 7  
!&
12!+)+ ,!+51)g(/ 16 + 3.&
$+5#(+5 #$	  












 0 p 1024 (
(' ADC  !! 16 .!)+DD" , ADC0 - ADC15 50	 
!%&+ F *
%(!$$ AVR  
















ADC 1024.=                                               (6.6) 
 
 VIN     , #!&!*!)+ 
 VREF   , #!&	' 
!%& 5 V 
 
<I<==; PWM 8.!/!!' 1 
&DD" PWM &%(!$$ AVR 	#12! 
3 
( %&#  
 Fast PWM mode 12!&DD" PWM (' &F
#$1 (single-slope)  
(	 
! %13.&!&! power 
regulation, rectification 12!+&! *& , %((1(%&+(
+& 




)((+ *& .! Fast PWM Mode 
 Phase and Frequency Correct PWM Mode 12!&4#$	(*
DD" PWM ($	' 5012!
(! %13.& 
!






=                                              (6.7) 
 








& N = 1  
  TOP   ,  
!3
&+ ICR1 50(*! 16 + 
































3.&+5 !! 16 + 	+&*+%1/
( 
16 *+ +3.&!+ !!( 0!(	+3!'1#+5(+5 




'1 6.11 +DD"#+5 
 
'1 6.11 ( !!1)g(+5/
( 16 1)g( (4x4) 	3.&DD" 8 &! 









*$(!	12!*DD")( (,*!1#(#$	!# (row) /
( 





















$ (' LCD 	
('.!&! , #+ #$	#4f  
!!!F3.&#




'1 6.12 +3.&!(' LCD  
 
'1 6.12 $	*DD"*('$ LCD (!/ 
- * 1 : GND  
+** 
- * 2 : +Vcc +%4$/ + 5V 
- * 3 : +Vo  
1(*
!&(' 
- * 4 : RS (Register Select) *$,+++ 
,
*&('$  0 	++  1 	++*&('$ 
- * 5 : R/W (Read/Write control) *!
,*!*&('$(' LCD 
- * 6 : E (Enable) *1E!DD"$ Enable 3
&('( ! 









'1 6.12 ***&('$ 7 0 14 	+%& 12!.,(+**&('$
*(' LCD -!.)%(!$$# 4 + 	 3
&1	
*DD"!)+/
+)+ +&3.&3!.,(+ LCD %&.,(+# 8 + !,F!/	
'D*DD",3.&3!)(#-$ LCD  7 &!!/! 50+(1+#$&
.,(+*DD",)(#-$ LCD # 8 + !/!	+&'D*DD"0 
11 &! #+F!/P+&#$(&(55&!3!*!1#(,)(#-$
* LCD !/! -'&0%&!  %$ (Library)  
3.&)(#-$# 4 + 
*  %&12!-'&*! ! (3.&!  3
&(*!1#(! LCD %&
(*0/!#$	3.&& (Code)  !&$&  
 
6.3.3 	
	2 -	- 	""	 AVR 





*&!/0%&!  ! 
1	*.)%(!$$ AVR *!1#(&
DD" PWM F3.&! #$	-$&DD" PWM 
 















'1  6.13 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(6.9) 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∫+= dtVKVKV errorierrorpout .                                (6.9) 
 
  outV  , DD"+)+*+)(#% 
 pK  , +**+)(#! 
 iK  , +**+)(#!$ 
 errorV  , DD"!)+*+)(#%  
 
( (6.10) (! (&(3
(%& 3
&'3!'1#*
$%(+!, (discrete time) ,3.& 
! %1*!1#(&+)(&.)
%(!$$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1'1#($#%&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W.# 1 "(*+)(%3!.$+!, (continuous time) 
#( (6.10) !/ 
 
∫+= dtVKVKV errorierrorpout .  [ ]                                           (6.10) 
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W.# 3  
!3
&   dt = Ti (, Ti , )(+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.# 4  
!3
& -$+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#!$$,! ( errorV∆ ) ( )1()( −− ierrorierror VV   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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   Vout(i)      , #!1y)! 
Vout(i-1)    , #!+ 
Verror(i)    , #!$$,!1y)! 
Verror(i-1)  , #!$$,!+ 
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[ ] )()1()()1()( . ierroriiierrorierrotpioutiout VTKVVKVV ⋅⋅+−+= −−                                            (6.14) 
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 Req Leq Cdc rc error 
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4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  	%%% 
while eaVbus>=es & ealampda>=es 
     if k~=0 
       du= Vs*cosd(r-lampda(k))/Z - 2*Vbus(k)*cosd(r)/Z; 
       DU=Vbus(k)*Vs*sind(r-lampda(k))/Z; 
       dv= Vs*sind(r-lampda(k))/Z - 2*Vbus(k)*sind(r)/Z; 
       DV=-Vbus(k)*Vs*cosd(r-lampda(k))/Z; 









       V= Vbus(k)*Vs*sind(r-lampda(k))/Z - Vbus(k)^2*sind(r)/Z; 
       Vbus(k+1)= Vbus(k)- (U*DV-V*DU)/(du*DV-DU*dv); 
      lampda(k+1)= lampda(k)- (V*du-U*dv)/(du*DV-DU*dv); 
      eaVbus=abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100 ; 
      ealampda=abs((lampda(k+1)-lampda(k))/lampda(k+1))*100; 
      V_bus=Vbus(k+1); 
      L=lampda(k+1); 
      A1=Vs-Vbus(k+1)*(cosd(lampda(k+1))-i*sind(lampda(k+1))); 
      B1=Z*(cosd(r)+i*sind(r)); 
      Idc=(pi/(sqrt(6)))*abs(A1/B1) 
      Vout(k+1)=(3*sqrt(6)*Vbus(k+1)/pi) - 3*Leq*w*Idc/pi - rf*Idc; 
      V=Vout(k+1) 
      else 
        Vbus(k+1)=50; 
        lampda(k+1)=0.0001; 
     end 
      k=k+1; 
 end 
%%%3+%&4#&"')%4!	(]	
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	4%4#^"  	%%% 
 while eaVbus>=es & ealampda>=es 
     if k~=0 
       du= Vs*cosd(r-lampda(k))/Z - 2*Vbus(k)*cosd(r)/Z; 
       DU=Vbus(k)*Vs*sind(r-lampda(k))/Z; 
       dv= Vs*sind(r-lampda(k))/Z - 2*Vbus(k)*sind(r)/Z; 
       DV=-Vbus(k)*Vs*cosd(r-lampda(k))/Z; 
       U= Vbus(k)*Vs*cosd(r-lampda(k))/Z - Vbus(k)^2*cosd(r)/Z - P_Total/3; 
       V= Vbus(k)*Vs*sind(r-lampda(k))/Z - Vbus(k)^2*sind(r)/Z; 
      Vbus(k+1)= Vbus(k)- (U*DV-V*DU)/(du*DV-DU*dv); 
      lampda(k+1)= lampda(k)- (V*du-U*dv)/(du*DV-DU*dv); 
      eaVbus=abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100 ; 
      ealampda=abs((lampda(k+1)-lampda(k))/lampda(k+1))*100; 
      V_bus=Vbus(k+1); 
      L=lampda(k+1); 
      A1=Vs-Vbus(k+1)*(cosd(lampda(k+1))-i*sind(lampda(k+1))); 
      B1=Z*(cosd(r)+i*sind(r)); 
      Idc=(pi/(sqrt(6)))*abs(A1/B1); 
      Vout(k+1)=(3*sqrt(6)*Vbus(k+1)/pi) - 3*Leq*w*Idc/pi - rf*Idc; 
      V=Vout(k+1); 
      else 
        Vbus(k+1)=220; 
        lampda(k+1)=0.0001; 
     end 



















































































































































 .1  ET-EASY MEGA1280 
 
  -    !"# 1   !"#$%&'()&*&+,-.)	#+*/0+1/ 2345,/"'()&*&+"#
' AC ')7 DC 92$* Bridge Rectifier ')7 Regulate ' Switching 5&$+
)$21! IC Regulate .2 
2	/K/7'2/L,.M1+&	 2345/"
'"1 Input 7-20V   
  -   !"# 2 .M1!"#$%& USB R("%S%& 
/"29S$.% PC +45
FT232RL  .M1 USB Bridge 41/.5 
2%&7($&29S$.% PC  ')7 MCU  41
 ')7+"2345,-*/  9%  USB  .M1'()&*&+4(/",$+ +
*72	  Poly Fuse  !1  500 mA  R("]/"1/K/7'./S1*/9%  USB  
$+ ')7	
9S.^_ 2	$*R("%$*'()&*&+ .9 
)"/451'()&*&+
*/  USB ,.M1  External Supply  ,. +"%12"%S +.2 
,2&,%& External 
Supply *745,-*/9% USB .M1'()&*&+41/1 '%&.2 
2	/%& 
External Supply $**7)",45'()&*&+*/ External Supply .+"%12"%S  
- LED +VCC 45'317.2 
2	/*&+,-4(/"    
- LED VEXT 45'317.2 
2	/*&+,-*/ External Supply   
  -   !"# 3 .M1 LED VEXT 45'317.2 
2	/*&+,-.)	#+*/ External 
Supply   
-   !"# 4 .M1 LED +VCC 45'317!'()&*&+,-.)	#+ (+VCC) !
 +.2 
45'()&*&+*/ External Supply *7'317+/4( 
LED VEXT ')7 LED +VCC %S$&92/"1"#& '%&345'()&*&+*/










-    !"# 5 .M1 LED '317! RX ')7 TX 45R("'/"&
!2)7($& ET-EASY MEGA1280 /"29S$.% PC e&19% USB  
-   !"# 6 .M1 LED D13 45R("'/R1! Bootloader ')7 45
/R1!*//$f2! Pin Digital-13 R1$+ Logic 
g1h ')7 (+fR1$+ Logic g0h  
-   !"# 7 .M1$S%5 Reset 45R("& Reset /R1!  





   	
 .2 Jumper R(".) / / Program Bootloader 
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-  !"# 10  .M1!"#$%&"kkl*/ D[22..29] R(".5 
2%&/"  I/O ! 	





















































Port A (PA7+PA0) 
 A 






Port B (PB7+PB0) 
 B 









Port C (PC7+PC0) 
 C 






Port D (PD7+PD0) 
 D 






Port E (PE7+PE0) 
 E 


























Port G (PG5+PG0) 
 G 






Port H (PH7+PH0) 
 H 

















Port J (PJ7...PJ0) 
 J 


















Port L (PL7..PL0) 
 L 



















































































#include <avr/io.h>   
int EN  = 11;  %K1"L1)+"#2, 11 K1

 PWM   
int duty_cycle =0;           %K1"L1P
1"#2,%






  pinMode(EN, OUTPUT);  
  TCCR1A = (1<<COM1A1)|(1<<COM1A0) 
  TCCR1A |= (1<<COM1B1)|(1<<COM1B0); 
  TCCR1B = (1<<WGM13)|(0<<WGM12); 
  TCCR1A |= (0<<WGM11)|(0<<WGM10); 
  TCCR1B |= (0<<CS12)|(0<<CS11)|(1<<CS00); 
  ICR1 = 800; 
  OCR1A = 0; 
  OCR1B = 0; 
  TCNT0=0; 
} 
void loop()                                              
{  
  duty_cycle = 10;               % ##2,P
1"#2,%
+,Q"2!R%#R 10 % 




















































%%% K1" sampling time %%% 





int voltage_s;ensor        = 1; 





+,Q"%#R 0 %%% 
float SumVoltage=0, SumCurrent=0; 
int Read_Voltage=0, Read_Current=0; 
















  pinMode(EN, OUTPUT);  
  TCCR1A = (1<<COM1A1)|(1<<COM1A1); 
  TCCR1A |= (1<<COM1B1)|(1<<COM1B1); 
  TCCR1B = (1<<WGM13)|(0<<WGM12); 
  TCCR1A |= (0<<WGM11)|(0<<WGM10); 
  TCCR1B |= (0<<CS12)|(0<<CS11)|(1<<CS10); 
  ICR1 = 800; 
  OCR1A = 0; 
  OCR1B = 0; 




  while(1) 





  SumVoltage=0, SumCurrent=0; 
  Read_Voltage = analogRead(voltage_sensor); 
  Read_Current = analogRead(current_sensor); 
  V1 = (((float)SumVoltage/n)/1023)*5; 





  I2=I1*1.25; 
%%% %-fR$f	
" //0-Q!!)2 %%% 
  err_v=setpoint-V2; 
  Upv=kpv2*err_v; 









  Upi_v=Upv+Uiv;  // PI value   
  if (Upi_v >= Upi_max) 
  {   
    Upi_v=Upi_max;      
  } 
  else if (Upi_v <=Upi_min) 
  { 
    Upi_v=Upi_min; 
  }  
  %%% %-fR$f	
i //0-Q!!)2 %%% 
   err_i=Upi_v-I2; 
  Upi=kpi2*err_i; 
  Uii=(kii2*Ts*err_i)+Uii_1; 
  Upi_i=Upi+Uii;   
  if (Upi_i >= Upi_max) 
  {   
    Upi_i=Upi_max;      
  } 
  else if (Upi_i <=Upi_min) 
  { 
    Upi_i=Upi_min; 
  } 
%%% R!R PWM  	)+"#2, 11 %%% 
  OCR1A = Upi_i; 
  Uiv_1=Uiv; 
  Uii_1=Uii; 
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